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1. Introduction

A major area of inquiry in agricultural production economics is input substitution. The ability of one input to substitute for another within the production process is also related to larger questions of economic development, such as the pace and bias of  agricultural growth that can lead to problems of rural depopulation and other rural development issues.  The recent rise in energy prices has led to renewed interest in the substitution of energy for other inputs and the sustainability of present agricultural technologies.

Economists have used two theoretical constructs to study input substitution.  The first, one which we will call the “primal” approach, uses the distance function to develop a set of  primal factor demands and a set of  Antonelli substitution elasticities (e.g. Coelli, et al. (2008), Karagiannis, et al. (2004), Kumbhakar and Tsionas (2005))  The second method, which we will call the “dual” approach, use the cost function to develop a set of dual factor demands and Allen/Uzawa substitution elasticities (e.g. Clark and Youngblood (1992), Clark and Grant (2000), Appelbaum, (1978), Lopez (1980), Taylor (1989), Shumway (1995)). The distance function and the cost function are dual to one another meaning that the information contained in one function is identical to the other (Deaton, (1979)).  Indeed, given estimates of the distance function elasticities of substitution, estimates of the cost function can be deduced and vice versa.

Since the information in one function is identical to the other, a question that arises is why one is preferred to the other or more generally why both are not estimated simultaneously.  Often, preference of one over the other depends on data availability: for example, in a time series context, data may only be available on prices and expenditures facilitating the estimation of  the cost function (e.g. Lopez, (1980)).  In a cross-sectional context, it is often argued that prices faced by producers are identical and therefore there is insufficient variation in prices to estimate the cost function, and so the distance function approach is preferred to the cost function.

When data on both prices and quantities are available the preferred approach would be to estimate both simultaneously using a “full information” approach.  This is rarely if ever undertaken even when a complete set of data are available.  Most often, one approach is preferred to the other due to the issue of endogeneity of models regressors and errors (e.g. Pope (1982) Coelli, et al. (2008)).  Simply put, in the absence of data availability issues, preference is given to the primal model when quantities are exogenous and prices endogenous and preference is given to the dual model over the primal model when prices are exogenous and quantities are endogenous. 

Estimation of the non-preferred method can still take place using the exogenous method by using the exogenous variables as instruments, but this method is considered to be inferior from an econometric point of view to available direct methods. Also, the selection of instruments themselves is a somewhat ad hoc exercise and the criterion for the selection of an instrument itself, that it be correlated with the regressor and uncorrelated with model errors is may not be valid empirically and seldom tested using, say a Hausman (1978) test Finally, there is the issue of the choice of the optimal number of instruments, and this issue is rarely discussed (Tauchen, (1985)).

The issue of endogeneity often frustrates the estimation of full information methods and can even lead to cases where estimation is not possible with available data (Coelli et al, (2008)).  In such cases, either heroic assumptions are made, endogeneity issues are either ignored or discounted or a set of unreliable and untested instruments are used.  Therefore, methods where endogeneity of regressors with model errors does not cause parameter inconsistency would greatly facilitate the estimation of factor substitution.





When data are characterized by (unit root) non-stationarity, endogeneity does not affect parameter consistency (e.g. Engel and Granger (1987)).  Indeed, all variables are considered to be endogeneous in cointegrated systems that arise from vector autorgressions (VARs) (e.g. Pesaran and Shin (2002)).  Estimation of primal and dual models in cases where data are non-stationary include Clark and Youngblood (1992) Clark and Grant (2000)) and, for demand systems Pesaran and Shin (2002) and Lewbel and Ng (2005).

In this paper both the primal and dual models are estimated using a full information approach under the assumption the all data are non-stationary. The time series data used come from Clark and Youngblood (1992).  This set of data are particularly apt, since the unit root properties of the data are well established (e.g. Clark and Youngblood (1992), Vasavada and Thijssen (1994)).  

The next section presents some theoretical considerations. In section 3 some empirical considerations are presented.   This is followed by a presentation of data and results.  The final presents a discussion of conclusions.

2. Theoretical considerations:

This study is concerned with the simultaneous estimation of primal and dual share equations using cost and distance functions and Shephard 1953 duality theorems. Another dual approach, using  profit and production functions using Hotelling duality theorems could also be used, and is studied by Paris and Caputo (2004).  This assumes that data are available on output prices and competitive markets are assured.  The data used in this study do not include prices and so this approach will not be considered in this research. The model is further specialized to a single output, also due to the fact that based on the data which includes a proxy for a single aggregate measure of output.  

Consider the transcendental logarithmic (translog) distance function of k inputs (qi) and a single output (yi) :
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where lnD is the natural logarithm of the distance function and  lnqi* = {lnq1, lnq2, ..., lnqn, lny} is a vector of natural logarithms of inputs and output. Define q as a vector that includes {q1, q2, ..., qn}.  Properties of the distance function include: 1) homogeneous of degree (HD) one in q, concave in q, and non-increasing in y (e.g. Deaton (1979)).Since the distance function is HD 1 in q:
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Differentiation of (1) by qi results in the ith share equation  
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where si = riqi/C is the share of total cost, ri is the price of input , and C is total cost, C=Σriqi (e.g. Deaton (1979) . The set of k share equations resulting from differentiating (1) by each input qi will be called the primal system of share equations.

The Antonelli partial elasticity of complementarity, ρij, between input qi and input qj is given by
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(e.g. Kim (2000)).  The corresponding Morishima elasticity of complementarity (e.g. Berndt and Savin (1989) and  Morishima (1967)) between inputs qi and qj is found by subtracting the diagonal element, ρii, from each element of the jth row of the elasticity of substitution matrix whose elements are given by equation (8), i=1,...k, j=1,...k. 
The properties of the translog cost function are similar to those of the distance function. Consider the translog cost function of n inputs prices (ri) and a single output (yi) :
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where lnC is the natural logarithm of the cost function and  lnri* = {lnr1, lnr2, ..., lnrn, lny} is a vector of natural logarithms of input prices and output. Define r as a vector that includes {r1, r2, ..., rn}.  Properties of the cost function include: 1) HD one in r, concave in r, and non-decreasing in y (e.g. Shephard (1953)). Since the cost function is HD 1 in r:
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Differentiation of (3) by ri (Shephard(s lemma) results in the ith share equation  
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where si = riqi/C is the share of total cost, ri is the price of input , and C is total cost (e.g. Clark and Youngblood 1992). The set of k share equations resulting from differentiating (5) by each input ri will be called the dual system of share equations.

The Allen/Uzawa partial elasticity of substitution, σij, between input qi and qj is given by
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(e.g. Allen (1934) and Uzawa (1962)) The corresponding Morishima elasticity of complementarity (e.g. Berndt and Savin (1989) and Morishima (1967)) between inputs qi and qj is found by subtracting the diagonal element, σii, from each element of the jth row of the elasticity of substitution matrix whose elements are given by equation (8), i=1,...k, j=1,...k.   

 

Interrelated properties between the distance and cost function relate to the system of second derivatives.  Define the Antonelli (A) matrix as
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and the Slutsky (S) matrix as
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then the Antonelli matrix and the Slutsky matrix are generalized inverses. This implies

EQ A=SAS      S=ASA    (11)
(e.g. Deaton (1979)). The fact that they are generalized (and not regular) inverses of is due to the fact that both are of deficit rank due to adding up (e.g. Deaton (1979)).  

3. Empirical considerations:



Simultaneous estimation of primal share equations (3) and dual share equations (7) has not been undertaken, even though additional information can be utilized by simultaneous estimation. Specifically, there are at least two possible advantages to simultaneous estimation over single system estimation that are discussed in this study.

A first advantage is that further cross function restrictions can be imposed and tested because the Antonelli and Slutsky matrices are generalized inverses. A second advantage is simultaneous estimation can take advantage of correlations among shares between primal and dual models with simultaneous estimation.  

With regard to the first advantage, model parameters across primal and dual models are not directly related because translog cost and distance functions are not self-dual.  This means that the (first order Taylor series) approximation of shares derived from the distance function is not the same point of approximation as shares derived from the cost function.  The best that can be accomplished is that cross equation restrictions could be tested at a point (say the mean of the data).  It is not clear how much advantage would be gained from either rejection or non-rejection of these restrictions.  Rejection would not reject theory since the test is confounded by the point approximation.  Acceptance could simply imply the point of approximation of one well posed function distance function is close enough to the point of approximation of the another well posed cost function such that elasticities at those points are not significantly different from one another.  Regardless,  reduction in asymptotic variance with additional restrictions and parsimony of model parameters would result. This must be weighed against the highly non-linear nature of these restrictions and the incumbent problems of model convergence. In this study, cross function restrictions will not be imposed or tested.

The major advantage of full system estimation is the consideration of additional correlations among equations.  These are considerable under cointegration since autoregressive (own equation as well as cross equation) error structures are considered in the estimation.  This implies that substantial short-run dynamics are accounted for in estimation. Significance of any of these error structures will result in improved estimates combining cointegration techniques with simltaneous primal dual estimation.  

However the main advantage to the simultaneous estimation of primal and dual models under non-stationary data is the fact that parameter estimates are robust to endogeneity considerations.   Coelli et al. (2008), show that endogeneity is a major impediment to consistent estimation of model parameters even when a single function set of share equations is considered and data are assumed to be stationary.  Furthermore, as shown by Pope (1982), and Mudlak (1996), exogeneity in one function often implies endogeneity in the other.  This means that statistical techniques that imply parameter inconsistency when endogeneity exists exclude estimation of both simultaneously, except when instruments can be found for the consistent estimation of the endogenous function.  Choice of instruments is an ad hoc exercise that may be counter productive when specification errors are present, since bias in equations can be transferred to others in simultaneous estimation procedures.  

Furthermore, Coelli et al. (2008) show that sources of model errors can be made of sufficient generality that estimation of both primal and dual models fail due to endogeneity considerations, because a set of exogenous variables appropriate to use as instruments cannot be found in either  prices or quantities.

Since endogeneity is not a problem under cointegration, this is a major advantage to the estimation of primal and dual models when data are non-stationary.  It also eliminates the ad hoc exercise of instrument selection and the major impediment to simultaneous estimation of both primal and dual functions.

Identification:

While endogeneity is not an issue with the simultaneous estimation of primal and dual models, identification remains a problem (Pesaran and Shin (2002)).  The issue of identification is explored by Pesaran and Shin (2002) and their results are applied below to the problem of the simultaneous estimation of primal and dual functions.

There are k share equations coming from each of the primal and dual models there are 2k+3  additional variables (k quantities, k prices and one output, one intercept and a trend to pick up possible technological change biases in factor shares). This implies that there are (k-1) shares entered into system estimation (one equation is dropped due to adding up) an 2k+3 additional variables for  a total of 3k+2  variables in the system. There are l=2(k-1) cointegrating vectors implied by the system ((k-1) from the point of approximation of the primal model, and (k-1) for the point of approximation for the dual model).  

Pesaran and Shin (2002) show that, for model identification, there must be at least l2 = 4(k-1)2 total restrictions plus l restrictions per equation. If the number of variables in the model is m, then there are h=m-l over-identifying restrictions per equation. Since m=3k+2 and l=2(k-1) then h=m-l=k over-identifying restrictions per equation.  In addition, symmetry and homogeneity restrictions imply another 2K-2 restrictions that can be imposed on the model to achieve identification other than exclusion restrictions.

Three further points made by Pesaran and Shin (2002) regarding the maximum likelihood estimator that are relevant to the simultaneous estimation of cost and distance functions.  First, the results are invariant to which equation is dropped from the estimation. This is in contrast to say the fully modified estimator developed by Phillips and Hansen (1990) and the seemingly unrelated canonical cointegrating regression estimator developed by Park and Ogaki (1992). Second, the likelihood function coming from a set of just identified restrictions is identical to that derived from the unrestricted and eigenvector problem developed by Johansen (1991). Therefore, just- and over- identifying restrictions can easily be imposed and tested. Third, the Johansen (1991) procedure can be used to identify and test for the number of cointegrating vectors in a system of equations.

4. Data and results.

The data used in this study are taken from Karagiannis and Furtan (1990). The data run from 1935-1985 for four inputs: land, machinery, fertilizers and chemicals and labour. The data are for two regions in Canada, the Central Canada (included Provinces are Ontario and Quebec) and Western Canada (included Provinces are Alberta, Saskatchewan, and Manitoba).  In addition to the original study, these data have been used in two other studies: Clark and Youngblood (1992) and Thissen and Vasavada (1995). These latter two studies have demonstrated that the data contain unit roots, and so Dickey Fuller unit root tests will not be undertaken to determine if data are non-stationary, with non-stationarity assumed. The data are updated from 1986 to 2006, giving a sample size of n=71.
It is well known that the test results of maximum likelihood estimator depend on the number of lags entered into the VAR (e.g. Hamilton (1994)). In addition, the distribution of test statistics to determine the number of cointegrating vectors (e.g. the maximum eigenvalue test and the trace test) depend not only on the number of deterministic (e.g. trends, intercepts, dummies) entered into the model, but whether they are entered into the short-run dynamics of the system or the long-run (share equation) model (Pesaran and Shin (2002). In this study, an intercept and a trend are entered into the long run specification of the model since this corresponds to the standard specification of primal and dual share equations (e.g. Clark and Youngblood (1992), and Lopez (1980)). 

Pesaran and Shin (2002) and Pesaran and Pesaran (1997) study develop critical values for the maximum eigenvalue and trace test for cases where intercepts enter into the long run model and trends enter the long run model but not both.  Since the specification of shares considered in this study include both an intercept and trend, the critical values of test statistics for testing the specification of the share equations in this study have not been tabulated.  Therefore, it seems better to evaluate model performance based on other test statistics.

Table 1 presents various performance statistics for Central Canada and Western Canada. The table indicates that the over-identifying restrictions for both regions (including symmetry and homogeneity restrictions) are not rejected at 2 lags for Western Canada and three lags for Central Canada.  At other lags, over-identifying restrictions are strongly rejected for both regions.

[image: image11.emf]Table 1 Performance Measures at Various  Lags

Primal Model Dual Model

% of years % of years

Test of Over-identifying Restrictions Monotonicity Negativity Concavity Monotonicity Negativity Concavity

Number of Lags

χ2 Value

Degrees of freedom Probability Value

Central Canada

2,00 40,06 18,00 0,00 100,00 100,00 100,00 100,00 100,00 100,00

3,00 3,94 18,00 0,99 100,00 100,00 100,00 100,00 100,00 100,00

4,00 124,05 18,00 0,00 100,00 100,00 100,00 100,00 100,00 100,00

Western Canada

2,00 5,13 18,00 0,99 100,00 100,00 100,00 100,00 100,00 83,33

3,00 53,03 18,00 0,00 100,00 95,51 87,50 100,00 95,83 43,06

4,00 210,05 18,00 0,00 88,89 88,89 73,61 75,00 70,83 23,61


For Central Canada, there is remarkable consistency in performance at all lags in terms of percentage of years monotonicity, negativity and concavity holds, with these requirements holding at all data points.  For Western Canada, there is consistency of test statistics of over-identifying restrictions and other performance measures, with best performance in terms of monotonicity, negativity and concavity when the likelihood ratio statistic of over-identifying restrictions is the lowest (i.e. at 2 lags) and poorest performance when the likelihood ratio statistic of over-identifying restrictions is highest (i.e. at 4 lags). Based on these results, the following results will be presented when the likelihood ratio statistic of over-identifying restrictions is not rejected for both regions, that is, for 2 lags in Western Canada and three for Central Canada.

Table 2 presents estimates of elasticities of substitution for Western Canada.  Two sets of estimates are available, including those coming from the cost function and those coming from the distance function. The most striking result of the Western Canada elasticity of substitution matrices is that both estimate a very large own price elasticity of complementarity of fertilizer.  This result could be due to a very low share of fertilizer in Western Canada during the early years. Therefore, early years would generate a large weight in the generation of the average elasticity of complementarity of own fertilizer elasticity and hence may be considered as outliers.

[image: image12.emf]Table 2: Western Canada

Allen/Uzawa Elasticity of Substitution Matrix

1) Dual Model 2) Primal Model

Quantity Quantity

Price Land Machinery Fertilizer Labour Price Land Machinery Fertilizer Labour

Land -3,58 1,15 -0,24 1,30 Land -65,57 -3,72 14,29 -7,77

Machinery 1,15 -3,79 1,33 0,77 Machinery -3,72 -62,12 13,71 -0,41

Fert -0,24 1,33 -18,31 2,33 Fert 14,29 13,71 -95,91 7,17

Labour 1,30 0,77 2,33 -3,03 Labour -7,77 -0,41 7,17 -39,46

Morishima Elasticity of Substitution Matrix

Quantity Quantity

Price Land Mach Fertilizer Labour Price Land Mach Fertilizer Labour

Land 0,00 4,74 3,35 4,88

Land

0,00 61,85 79,86 57,79

Machinery 4,94 0,00 5,12 4,56 Machinery 58,40 0,00 75,83 61,71

Fertilizer 18,08 19,64 0,00 20,65

Fert

110,21 109,63 0,00 103,09

Labour 4,33 3,79 5,36 0,00

Labour

31,69 39,05 46,64 0,00


Table 2 indicates that the estimated elasticity of substitution matrix is much larger in absolute value using the primal model estimates than the dual model estimates. This is a pattern in the results that is repeated throughout this study: each time a generalized inverse matrix is determined, the resultant elasticity estimates are much larger in absolute value than those of the un-inverted matrix.  This phenomenon is explored in greater detail in the appendix. Other results include the primal model shows some complementarity among land/machinery, land/labour and machinery/labour not evident from the dual model, where all inputs are substitutes.  All inputs are substitutes for both models in the estimated Morishima elasticities for both models, indicating that complementarity is eliminated when proceeding from Allen/Uzawa to Morishima elasticity estimates.

Table 3 presents estimates of elasticities of substitution for Central Canada.  As with Western Canada, the inverted matrix (from the primal model) leads to substantially higher estimated elasticities of substitution. In contrast to the results presented in Table 1, the estimated Allen/Uzawa elasticities of substitution that all inputs are substitutes coming from both primal and dual models.
[image: image13.emf]Table 3 Central Canada

Allen/Uzawa Elasticity of Substitution Matrix

1) Dual Model 2) Primal Model

Quantity Quantity

Price Land Machinery Fertilizer Labour Price Land Machinery Fertilizer Labour

Land -2,95 0,70 0,76 0,75 Land -54,23 4,74 10,64 3,70

Machinery 0,70 -2,76 0,97 1,16 Machinery 4,74 -34,05 13,64 9,11

Fertilizer 0,76 0,97 -4,52 1,28 Fertilizer 10,64 13,64 -38,80 12,57

Labour 0,75 1,16 1,28 -2,16 Labour 3,70 9,11 12,57 -18,29

Morishima Elasticity of Substitution Matrix

Quantity Quantity

Price Land Mach Fertilizer Labour Price Land Mach Fertilizer Labour

Land 0,00 3,65 3,72 3,70 Land 0,00 58,97 64,87 57,92

Machinery 3,46 0,00 3,73 3,92 Machinery 38,79 0,00 47,68 43,16

Fertilizer 5,28 5,48 0,00 5,80 Fertilizer 49,44 52,44 0,00 51,37

Labour 2,90 3,32 3,43 0,00 Labour 21,98 27,40 30,86 0,00


Table 4 presents estimates of elasticities of complementarity from the estimates of Western Canada.   The table indicates that the inverted matrix yields much higher (in absolute value) elasticity estimates.  In contrast to the results presented for Western Canada presented in Table 1, the inverted matrix presented in Table 3 is the estimated Slutsky matrix from the dual model rather than the primal model.  Therefore, the pattern of much higher estimates of coming from the inverted matrix is invariant to the matrix inverted (i.e the Antonelli matrix from the primal model or the Slutsky matrix from the dual model).  The table also indicates Allen/Uzawa substitutes between labour and fertilizer coming from the primal model but Allen/Uzawa labour/fertilizer complements coming from the dual model.  Otherwise, both models estimate Allen/Uzawa substitutes between pairs of inputs.  As with previous estimates, all complementarity is eliminated when proceeding from Allen/Uzawa to Morishima elasticity estimates.  
[image: image14.emf]Table 4: Western Canada

Allen/Uzawa Elasticity of Complementarity Matrix

1) Dual Model 2) Primal Model

Quantity Quantity

Price Land Machinery Fertilizer Labour Price Land Machinery Fertilizer Labour

Land -21,28 10,06 17,23 11,50 Land -4,08 1,04 0,42 1,18

Machinery 10,06 -67,03 -3,03 1,68 Machinery 1,04 -3,68 1,17 0,94

Fertilizer 17,23 -3,03 -34,93 -4,28 Fertilizer 0,42 1,17 -43,71 1,58

Labour 11,50 1,68 -4,28 -39,88 Labour 1,18 0,94 1,58 -2,24

Morishima Elasticity of Complementarity Matrix

Quantity Quantity

Price Land Mach Fertilizer Labour Price Land Mach Fertilizer Labour

Land 0,00 31,34 38,51 32,77 Land 0,00 5,12 4,50 5,25

Machinery 77,10 0,00 64,01 68,72 Machinery 4,72 0,00 4,85 4,62

Fertilizer 52,16 31,90 0,00 30,65 Fertilizer 44,13 44,88 0,00 45,29

Labour 51,38 41,56 35,60 0,00 Labour 3,42 3,18 3,82 0,00


As with the estimated Western Canada elasticity of substitution  matrices from Table 2, Table 4 indicates that a very large elasticity is estimated from both models for own price elasticity of  fertilizer. This indicates that the very large weight associated with very low fertilizer shares from early time periods carries over from primal to dual model estimates.
Table 5 presents estimates of the elasticities of complementarity estimated for Central Canadian Agriculture. As with all other models results presented previously, the large difference in the absolute value of the estimates between the inverted and un-inverted matrix is evident for Central Canadian Agriculture, although the results are not as pronounced and some elasticities are similar.  As with other models, any substitution found among Allen/Uzawa elasticities is eliminated when proceeding to Morishima elasticity estimates.

[image: image15.emf]Table 5: Central Canada

Allen/Uzawa Elasticity of Complementarity Matrix

1) Dual Model 2) Primal Model

Quantity Quantity

Price Land Machinery Fertilizer Labour Price Land Machinery Fertilizer Labour

Land -45,52 22,05 20,94 19,40 Land -5,82 1,41 1,32 1,34

Machinery 22,05 -45,42 2,76 -1,81 Machinery 1,41 -2,79 0,99 0,84

Fertilizer 20,94 2,76 -40,67 -0,72 Fertilizer 1,32 0,99 -4,02 0,75

Labour 19,40 -1,81 -0,72 -31,76 Labour 1,34 0,84 0,75 -1,93

Morishima Elasticity of Complementarity Matrix

Quantity Quantity

Price Land Mach Fertilizer Labour Price Land Mach Fertilizer Labour

Land 0,00 67,57 66,46 64,92 Land 0,00 7,22 7,14 7,15

Machinery 67,47 0,00 48,18 43,62 Machinery 4,20 0,00 3,79 3,63

Fertilizer 61,61 43,43 0,00 39,96 Fertilizer 5,34 5,01 0,00 4,77

Labour 51,16 29,96 31,04 0,00 Labour 3,27 2,77 2,68 0,00


5. Discussion and Conclusions:

This paper demonstrates that simultaneous estimation of primal and dual models is easily undertaken when data are characterized by unit root non-stationarity.  This is due to the fact that the “endogeneity issue” that plagues much of the literature when stationary regressors are assumed is not a problem under cointegration.  Estimation takes place for two non-stionary data sets: Western Canada and Central Canada.

There is a remarkable similarity of results coming from both primal and dual models for both Western and Central Canadian Agriculture.  The estimation method does not reject over-identifying restrictions (including symmetry and homogeneity restrictions) for either model at certain lag lengths (2 for Western Canada and 3 for Central Canada). Monotonicity and concavity hold for both primal and dual models at all observations in the data.  Based on these two performance measures, the results coming from both models is remarkably strong and indicates the value of the overall methodology.
Estimated elasticities of complementarity and substitution can be derived from both primal and dual models through inversion of the Antonelli and Slutsky matrices.  When matrix inversion is not undertaken estimated elasticities of complementarity seem plausible.  When matrix inversion is undertaken, estimated elasticities of complementarity seem unreasonably large in absolute value. Further research into the source of the matrix inversion issue is warranted.
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